Winter extremes of temperature and food shortage limit the distribution of arctic animals. North American porcupines (Erethizon dorsatum) are one of the most widely distributed mammals in North America and range from deserts to arctic tundra. In Alaska porcupines remain active at low winter temperatures (i.e., 239uC) while consuming woody plants that are low in nitrogen (N) and high in both fiber and plant secondary metabolites. Porcupines conserved lean body mass in winter by using fat stores. Fat mass declined from 50% 6 3% to 27% 6 7% of body mass over winter. Animals with small fat stores might be more reliant on food intake during winter, because proportional fat loss was correlated positively with total fat mass at the start of winter. Fat losses were minimized by lowering rates of energy expenditure. Field metabolic rate was 440 6 18 kJ kg 20.77 day 21 . Water turnovers were slow at 26.62 ml kg 20.75 day 21 in wild porcupines. Body temperatures were not reduced to save energy; core temperatures were maintained at 37.3uC 6 0.1uC despite variation in ambient air temperature from +7uC to 238uC in captivity. Persistence of porcupines at the northern limits of their range is due to plasticity of food intake and tolerance of low-quality diets and low ambient temperatures. Minimal expenditures of energy and N in winter are combined with the conservation of lean mass. Porcupines rely on abundant summer forages to replenish their stores of fat and protein for reproduction and survival in the subsequent winter.
digested 87-92% of dietary phenols and lost 21% of their digestible energy intake via urine, which reduced retention of energy by 42% when compared with porcupines maintained on a formulated diet free of phenolic plant secondary metabolites (Coltrane and Barboza 2010) . Consequently, porcupines typically lose body mass and have a high risk of winter mortality due to starvation (Berteaux et al. 2005; Oveson 1983; Roze 1984; Smith 1979; Sweitzer and Berger 1993; Tenneson and Oring 1985) . In Alaska winter is a nutritional bottleneck for porcupines, because low-quality food must be used when low ambient temperatures simultaneously increase thermoregulatory demands (Coltrane and Barboza 2010) . Although porcupines have adapted to nutritional challenges in winter, they must rebuild body stores of energy, protein, and other nutrients by consuming forages that become available in the spring (Coltrane and Barboza 2010) .
Porcupines might be able to cope with winter deficits of energy and nutrients by changing body composition and mass to reduce metabolic costs. Previous studies have implied that an overwinter decrease in body mass is indicative of poor body condition and poor forage quality (Roze 1984; Sweitzer and Berger 1993) . However, absolute daily energy expenditure is lowered by reducing metabolic body mass (McNab 1971) . Furthermore, inadequate energy and protein intake can be offset by catabolizing lipid reserves and lean tissue throughout winter. Reducing daily activity and entering daily torpor also could decrease energy requirements and enhance winter survival.
Captive porcupines conserved body mass throughout an Alaskan winter when provided with a diet free of plant secondary metabolites. These captive animals expended little energy (metabolic energy intake: 398 kJ kg 20.75 day 21 ) to maintain body mass, even when ambient temperatures decreased to 239uC (Coltrane and Barboza 2010) . We examined the ability of porcupines to conserve lean body mass through 7 months of winter in Alaska by measuring body composition of captive and free-ranging wild porcupines. Further, we estimated energy expenditures from net changes in body tissue and the requirement for maintenance of body mass. In addition, we calculated rates of water turnover as an index of energy expenditure. Core body temperatures were monitored throughout winter to test the hypothesis that porcupines used labile body temperatures to reduce energy expenditures. In comparison with captive porcupines, we predicted that free-ranging porcupines would incur additional costs for activity and lose more body fat and lean mass due to the metabolism of plant secondary metabolites in their winter diet.
MATERIALS AND METHODS
Subjects.-We captured 38 porcupines between August 2005 and January 2008 using dip nets or live traps in Anchorage (n 5 36; 61u10.29N, 150u1.29W) and Fairbanks (n 5 2; 64u49.29N, 147u52.29W), Alaska. All individuals were classed as adults (.2 years) or juveniles (,2 years) based on tooth eruption patterns and body mass (adults: .5 kg- Dodge 1982) . All procedures and handling protocols were approved by the Institutional Animal Care and Use Committee, University of Alaska Fairbanks (protocol 06-027) and were consistent with guidelines approved by the American Society of Mammalogists (Gannon et al. 2007) .
Ten adult porcupines captured in the summer of 2006 were transported to the Biological Reserve at the University of Alaska Fairbanks for the captive portion of this study (August 2006 through April 2007 . Porcupines were housed in individual pens (1.22 3 1.83 3 2.44 m) equipped with climbing structures and a plastic den (0.46 3 0.46 3 0.61 m) filled with straw. The plastic den provided a microenvironment to help reduce thermoregulatory demands and simulate natural dens used by porcupines in the wild. Pens were located outdoors in a roofed wire and plywood enclosure, which was exposed to ambient temperatures, but protected from precipitation and some wind. Porcupines were provided with food and water or snow ad libitum. Animals were fed a pelleted ration (Alaska Mill and Feed, Anchorage, Alaska) formulated to mimic the low concentration of N in a natural diet while still maintaining adequate concentrations of minerals and trace nutrients (Barboza and Parker 2008) . We recorded body mass (6 0.01 kg, AE Adams CPW Plus 35; Adam Equipment Inc., Danbury, Connecticut) each week. Ambient air temperatures at the captive facility were recorded every 0.5 h (HOBO Pro Series Temp; ONSET, Pocasset, Massachusetts) throughout the study.
HOBO StoAway TidBit TBICU32-05+44 temperature loggers (ONSET), purchased unpotted and covered with shrink-wrap and waterproof wax before gas sterilization (Long et al. 2007) , were implanted in the abdominal cavities of captive porcupines (n 5 7) to record body temperatures (6 0.01uC) every 20 min. Loggers weighed 12-14 g. All surgical procedures were approved by the Institutional Animal Care and Use Committee, University of Alaska Fairbanks (surgical supplement 06-06).
The remaining porcupines (n 5 28) were immobilized with Telazol (5 g/kg; Fort Dodge Animal Health, Fort Dodge, Iowa) and then fitted with very-high-frequency radiocollars (model 225; Telonics, Inc., Mesa, Arizona), and released at the capture site or within Far North Bicentennial Park (61u99N, 149u459W) in Anchorage. Average daily ambient air temperatures were recorded daily at the Campbell Creek Science Center, Anchorage (61u09.8439N, 149u46.6259W), which was located within the study site.
Body composition analysis.-We determined the total amount of water in the body pool for captive and free-ranging porcupines during fall (October through November), midwinter (late December through early February), and spring (April through May) using the deuterium oxide dilution method (Lifson and McClintock 1966) . Porcupines were weighed (6 0.01 kg) and then immobilized using Telazol as described above. Once porcupines could be handled safely, we administered an oral dose of deuterated water (D 2 O 99.9%; Aldrich Chemicals, St. Louis, Missouri) at approximately 1 mg/kg body mass, followed by an oral flush of 9 ml of distilled water. We collected blood samples before administration of D 2 O and after equilibration at 3 h from the dose. The 3-h equilibration period was established from a preliminary study, during which blood samples were drawn and analyzed every 15-30 min to determine the amount of time necessary to reach equilibrium. Blood was drawn from the jugular vein with a 23-gauge 3 0.25-cm needle and transferred to either a 4.0-ml vacutainer tube that contained lithium heparin or a 5.0-ml vacutainer tube that contained a clot activator (Becton Dickinson, Franklin Lakes, New Jersey). Plasma was separated from red blood cells by centrifugation (3,000 3 g for 10 min) for samples collected in lithium heparin. Water was vacuum sublimated from whole blood samples. All samples were frozen at 220uC until analysis. Urine was collected opportunistically after isotope equilibration and stored in cryotubes (Nunc, Roskilde, Denmark).
Samples (approximately 40 ml of sublimated water or plasma) were diluted with 3 ml distilled water into 3.6-ml cryotubes (Nunc), and D 2 O concentration was measured with a continuous flow isotope ratio mass spectrometer (20-20 Stable Isotope Analyser; Europa Scientific Ltd., Crewe, United Kingdom) interfaced with an elemental analyzer unit (ANCA-NT system, solid/liquid preparation module; Europa Scientific) using methodology described by Scrimgeour et al. (1993) . Water content of plasma was determined by drying to a constant mass at 70uC. Plasma D 2 O concentrations were expressed on the basis of water content (92% 6 1% of plasma mass). The D 2 O space was calculated by dividing the dose by the net concentration of D 2 O in plasma water at equilibration (g D 2 O/g plasma water). Total body water was calculated as D 2 O space divided by 1.09 to correct for overestimation of body water by D 2 O dilution (Barboza et al. 2004) . Ingesta free mass and tissue water space were calculated by determining digesta mass and digesta water content, respectively, from freshly killed porcupines (n 5 13) collected in April before green-up and in August. Animals not dissected immediately were wrapped thoroughly in plastic to minimize desiccation during storage at 220uC. Digesta was removed from the tract, and water content was determined by drying to a constant mass at 60uC. Whole body mass contained 18% 6 5% digesta, which was 84% 6 2% water. Ingesta free mass was calculated by subtracting average digesta mass (18%) from whole body mass. Tissue water space calculated by total body water dilution was corrected by subtracting 14.9% of body mass, which was the average amount of water in the digestive tract. Fat-free mass was assumed to contain 72% water (Speakman 2001) . Body fat content was calculated as the difference between ingesta free mass and lean mass.
Water turnover rate.-Water turnover rates were estimated (61 ml kg 20.75 day 21 ) in midwinter (January) for free-ranging porcupines (n 5 13), and during fall (October) and midwinter (January) for captive porcupines (n 5 10 and n 5 9, respectively). We used samples of plasma or urine to calculate turnover rates and turnover times of the body water pool by estimating the rate of disappearance of D 2 O (Barboza et al. 2004) . Plasma and urine can be used interchangeably and provide identical D 2 O values (Speakman 2001) . Urine samples were collected from captive animals for up to 4 days following initial dosing. Free-ranging animals were captured up to 13 days after D 2 O dosing (6 6 3 days) to obtain blood samples as described above. Samples were subsequently thawed and analyzed for D 2 O concentration, which was expressed on the basis of water content in each sample. Water turnovers were expressed on the basis of metabolic body mass with the scalar 0.75 (Nagy et al. 1999) .
Field metabolic rate.-Midwinter field metabolic rates (FMR) were estimated for free-ranging porcupines (4 females and 4 males). FMR was calculated by adding the maintenance energy requirement (metabolizable energy intake at 0 mass change: 398 kJ kg 20.75 day 21 [Coltrane and Barboza 2010] ) to the energy expenditure calculated from any daily changes in fat and lean mass over the winter (Barboza et al. 2009 ). Maintenance energy requirements were determined by mass balance in captive porcupines fed known quantities and composition of food (Coltrane and Barboza 2010 ). The energy content of fat was assumed to be 39.3 kJ/g (Barboza et al. 2009; Blaxter 1989) . Lean tissue was assumed to be 23% protein (Husband 1976 ) with an energy content of 23.7 kJ/g (Barboza et al. 2009; Blaxter 1989) . We assumed that energy from catabolism of fat and lean tissue was converted to metabolizable energy at 82% efficiency, as determined in several mammals (Barboza et al. 2009; Blaxter 1989) . We used 0.77 as the scalar of body mass for FMR based on the interspecific relationship of Nagy et al. (1999) for eutherian mammals.
Statistical analysis.-Statistics were analyzed with modules in SYSTAT 11 (SYSTAT Software, Richmond, California). We tested parametric assumptions of normality using ShapiroWilk test, and we used Levene's test to determine if variances were homogenous. Repeated measures of body mass and composition of captive porcupines were compared among seasons by 1-way analysis of variance (ANOVA; F). Difference in body masses between males and females were determined using a 2-sample t-test. Body masses of free-ranging porcupines were compared among years using 1-way ANOVA. Body mass and composition (fat and lean tissue mass) of free-ranging porcupines were compared among seasons using analysis of covariance (ANCOVA; F), with individual and date as covariates. Pairwise contrasts were performed with Bonferroni adjustments for multiple comparisons among periods. FMRs were compared between sexes using a 2-sample t-test. Data expressed as proportions or percentages were transformed to the arcsine of the square root to meet assumptions of normal distribution (Zar 1999) . Statistical significance was determined as a , 0.05. Means (6 SD) are reported. Linear regressions (R 2 ) are reported with the SE of the estimate.
RESULTS
Winter conditions.-Minimum daily ambient air temperatures within the captive enclosure in Fairbanks, Alaska, ranged (Fig. 1A) . At the field study site in Anchorage ambient winter air temperatures ranged from 231uC to 12uC in 2005-2006, 233uC to 18uC in 2006-2007, and 232uC to 17uC in 2007-2008 . Total time spent below lower critical temperature was 119, 142, and 116 days in the 3 consecutive winters (1 October through 15 May; Fig. 2A ). Average annual day length ranged from 17.50 6 0.03 h/day on 15 May to 5.45 6 0.00 h/day on 20-22 December ( Fig. 2A) .
Body mass and composition of captive porcupines.-Body mass of captive porcupines did not change significantly across the sampling periods between October and April ( Fig. 1B ; F 3,24 5 0.790, P 5 0.509). In the fall males were not larger than females (t 7 5 21.134, P 5 0.294), and the proportion of fat and lean mass was similar between sexes during all collection periods (mid-October: t 6.9 5 20.398, P 5 0.703 and t 2.7 5 20.769, P 5 0.504; late October: t 3.3 5 20.381, P 5 0.726 and t 7 5 22.344, P 5 0.060; December: t 3.9 5 20.742, P 5 0.500 and t 7 5 21.366, P 5 0.214; April: t 5.3 5 21.168, P 5 0.292 and t 3.6 5 21.659, P 5 0.180, respectively, for fat and lean mass). Therefore, both sexes were pooled for further body composition analysis. Fat mass (F 3,21 5 6.594, P 5 0.007) and lean mass (F 3,21 5 15.582, P 5 0.006) were directly related to body mass, and therefore the amount of fat and lean tissue did not vary over winter when body mass was used as a covariate (fat: F 3,21 5 1.007, P 5 0.409; lean: F 3,21 5 1.125, P 5 0.362; Fig. 1B) .
Body mass and composition of free-ranging porcupines.-Winter body mass of male and female free-ranging porcupines did not vary among years (females: F 2,8 5 33.319, P 5 0.253; males: F 2,6 5 25.860, P 5 0.126). Fall body mass of males (n 5 8) was greater than that of females (n 5 11; 10.62 6 1.92 kg versus 7.80 6 1.68 kg; t 17 5 2.109, P 5 0.003), but males and females lost mass at similar rates through winter (18 6 6 g/day and 13 6 4 g/day, respectively; F 1,16 5 1.241, P 5 0.294) and among years (F 2,16 5 1.899, P 5 0.219; Fig. 2B ; Table 1 ). By spring porcupines had lost 34% of their fall body mass, at an average rate of 17 6 6 g/day over the winter (Fig. 2B) . Individual accounted for most of the variation in mass loss described by a general linear model with Julian day, individual, sex, and season as independent variables (R 2 5 0.89, F 2,45 5 1.783, P , 0.001).
Although fat mass for both sexes decreased at an average rate of 13 6 5 g/day, lean mass did not change significantly over winter (Table 1 ). In fall, fat mass was 50% 6 3% of total body mass (n 5 9) but only 27% 6 7% (n 5 8) of spring body mass for those individuals that survived the duration of the winter. Winter fat loss was related positively to fall fat mass (F 1,8 5 17.902, P 5 0.003; Fig. 3 ) but not significantly related to lean mass (F 1,8 5 1.973, P 5 0.198).
Body temperature, water flux, and FMR.-Between 1 October 2006 and 3 April 2007 the daily average of core body temperature was 37.34uC 6 0.09uC (n 5 7); daily average maxima and minima were 37.95uC 6 0.09uC and 36.87uC 6 0.29uC, respectively (Fig. 4) . No use of daily torpor, defined as body temperature , 34uC, was recorded in captive porcupines, and instead body temperature was maintained almost exclusively within a range of 36.5-38.0uC. Water turnover rates for captive porcupines were estimated for fall (October, n 5 10) and midwinter (December, n 5 9). However, due to the short duration of the collection period, the rate of decline in D 2 O concentration was significant only for 4 porcupines in the fall and for 3 porcupines in midwinter. For these 7 individuals the total turnover time of the body water pool was 19 6 5 days, which was similar to the total turnover time of free-ranging porcupines in midwinter (Table 2 ). Water turnover rates did not differ between captive and free-ranging porcupines (Table 2) . However, based on lean mass, water turnover rates were higher in captive compared to free-ranging porcupines. Captive porcupines lost 43 6 17 g kg 21 day 21 via feces compared to 10 6 3 g kg 21 day 21 via urine. We found no difference in estimated FMR for free-ranging males (n 5 4) and females (n 5 4) during midwinter (t 7.3 5 20.904, P 5 0.395; 
DISCUSSION
Free-ranging porcupines exhibit a seasonal variation of body mass and composition that is not apparent in captive porcupines maintained under similar environmental conditions, including similar ambient temperatures and den structures (Coltrane and Barboza 2010) . Food quality may be a principal constraint on maintenance of mass in freeranging porcupines. Winter mass loss does not appear to be endogenously controlled, because captive porcupines maintain body mass on a diet free of plant secondary metabolites (Coltrane and Barboza 2010) . Similar proportional losses in body mass over winter (34% of fall mass) and subsequent summer mass gain have been reported for porcupines from various habitats and latitudes in North America (Berteaux et al. 2005; Roze 1984; Smith 1979; Sweitzer and Berger 1993; Tenneson and Oring 1985) . This plasticity in the regulation of body mass enables porcupines to exploit higher quality food sources whenever they are available. A flexible response to food would allow porcupines to restore and regain body mass in a wide range of variable habitats.
The seasonal variation in body mass in free-ranging porcupines is associated primarily with changes in fat mass, because lean mass remains relatively constant year-round. Although we did not determine body composition on a monthly basis, examination of our data indicates that the majority of fat gain occurs in late summer through fall (JulyOctober). Peak fat mass is obtained at the onset of a seasonal decline in food quality. Use of fat stores coincides with a dietary shift to winter forages that are low in digestible energy and high in plant secondary metabolites. Porcupines probably reach their lowest fat mass in late spring (late May) because fat was still 27% of body mass at the time of the spring collection period (March-April), which preceded the emergence of spring vegetation. Sampling occurred at least 3 weeks before new foliage began to appear and at least a month before a significant diet switch occurred. Therefore, fat reserves probably were necessary to meet daily energy requirements for at least another month beyond when porcupines were sampled. Similar patterns of fat accumulation and catabolism are displayed in larger-bodied northern herbivores (primarily ungulates) that remain active during winter (Adamczewski et al. 1997; Barboza et al. 2004; Holand 1992; Parker et al. 1993) . For example, European roe deer (Capreolus capreolus) deposit fat until late fall and deplete fat stores from early January to April (Holand 1992) . Similarly, black-tailed deer (Odocoileus hemionus sitkensis) catabolize 70-82% of their body fat from October through March, which accounts for 82-92% of total catabolized energy over the winter (Parker et al. 1993) . Assuming the energy content of fat is 39.3 kJ/g, catabolism of fat stores (at 82% efficiency) during winter provided porcupines with 411 6 160 kJ/day or 72 6 22 kJ kg 20.75 day 21 , which was equivalent to 13-24% of their estimated daily maintenance energy requirement (398 kJ kg 20.75 day 21 -Coltrane and Barboza 2010). Hence, porcupines forage to meet 75-90% of their daily energy requirement in winter.
Compared to other northern nonhibernating rodent species, the porcupine has a unique ability to accumulate and use large fat stores during winter. Most rodents depend on food caches and other physiological strategies to survive winter food shortages. For example, muskrats (Ondatra zibethicus) rely heavily on cached food supplies; fat is deposited until late February, and catabolism of fat stores occurs only in late winter when cached food approaches depletion (Virgl and Messier 1992) . Fat levels in nonhibernating, small-bodied rodents are typically only 3-8% of body mass (Batzli and Esseks 1992) . A presumption is that the accumulation of fat often results in reduced mobility, thus subjecting animals to increased rates of predation (Batzli and Esseks 1992) . Porcupines may reduce their exposure to predation by being heavily defended with quills and by dramatically reducing their daily activity and movements (Roze 1989) . We observed individuals that remained in a single tree or multitree complex for up to a month without descending. Unlike most northern herbivores, porcupines maintain lean mass over the winter (Adamczewski et al. 1997; Barboza and Parker 2008; Dark and Zucker 1983; Holand 1992; Parker et al. 1993; Voltura 1997; this study) . This result was unexpected, because winter diet is low in N and energy (Coltrane and Barboza 2010) when thermoregulatory costs are high. Porcupines are well adapted to exist on low N diets (Felicetti et al. 2000) , even when the diets are high in plant secondary metabolites (Coltrane and Barboza 2010 Robbins 1993) . Porcupines appear to minimize whole body protein synthesis during winter as a response to diet. For example, quills lost by freeranging porcupines are not replaced during winter. In comparison, captive porcupines maintained on a formulated diet without plant secondary metabolites grow quills during winter and suffer less quill loss in general (J. A. Coltrane, pers. obs.).
Porcupines probably maintain lean mass by combining low N requirements with an ability to spare body protein while using large fat stores (Barboza et al. 2009 ). Fasting polar bears (Ursus maritimus) display a high degree of variation of protein catabolism among individuals (Atkinson et al. 1996) ; bears with larger fat stores at the onset of fasting catabolize little to no body protein while fasting (Atkinson et al. 1996) . Similarly, it is possible that porcupines with insufficient fat reserves to survive winter might be forced to catabolize body protein as the season progresses.
The rate of winter mass loss for individual porcupines was not affected by their lean mass but depended on the amount of fat they possessed in the fall. Although adult free-ranging male porcupines were larger than adult free-ranging females in the fall, we found no difference between the sexes in the proportion of body mass that was fat. Therefore, due to sexual dimorphism in porcupines, males lose larger absolute amounts of fat mass than females, but the proportion of body mass lost as fat is similar between the sexes. Sexual variation in the deposition and use of fat stores has been linked to the reproductive cycle of several species of mammals (Adamczewski et al. 1997; Barboza and Bowyer 2001; Barboza et al. 2004; Holand 1992; Voltura 1997; Winstanley et al. 1999) . For example, peak body fat (13% of body mass) in male red foxes (Vulpes vulpes) occurs in June right before breeding, whereas females attain peak body fat (16% body mass) in July during gestation (Holand 1992) . The similarity in body mass and fat cycles between male and female porcupines is most likely a reflection of timing and costs of reproductive effort. Breeding occurs in the fall and early winter (Roze 1989) , followed by relatively long gestation of 210 days (Shadle 1948 (Shadle , 1951 . Young porcupines are precocial and can survive on vegetation within 1-2 weeks after birth (Dodge 1982) . Therefore, female porcupines can distribute energy costs of reproduction over a long gestation and a short lactation period. A similar tactic is used by the cavy (Cavia magna), a hystricomorph rodent with unusual reproductive patterns similar to those of the porcupine. A long gestation in the cavy does not result in an increase in daily FMR (Kunkele et al. 2005) . One might expect a long gestation to have a similar impact on the daily metabolic demands of porcupines. Although this strategy is typical for slowly reproducing, long-lived ungulates, it is uncommon for most rodents (Promislow and Harvey 1990) . In addition, the cost of lactation in porcupines is low. Lactation increases daily energy intake only by 17% (Farrell and Christian 1987) , whereas intake increases by up to 150% in small rodents (Glazier 1985; Innes and Millar 1981) and by 54% in lagomorphs (Lepus europaeus- Valencak et al. 2009 ). This reproductive strategy results in low investment of maternal energy that ends by early summer and allows mothers to restore fat mass through most of the season of plant growth when food quality is high.
No evidence exists that porcupines reduce metabolic costs by lowering core body temperature on a daily or seasonal basis (Fig. 4) ; Core body temperatures varied by only 1.5uC daily. Therefore, porcupines must rely on behavioral and other physiological adaptations to meet high thermoregulatory demands in winter (DeMatteo and Harlow 1997; Oveson 1983; Po-Chedley and Shadle 1955; Roze 1987) . DeMatteo and Harlow (1997) found that porcupines decrease skin and subcutaneous temperatures as ambient temperatures vary within their thermoneutral zone. In addition, regional heterothermy can reduce overall metabolic costs (Irving 1972) . Behaviorally, porcupines reduce heat loss by piloerection of their fur and by pressing their quills against their skin in areas with little underfur, creating a significant boundary layer (DeMatteo and Harlow 1997). As a result, porcupines have a lower conductance than is predicted by their body size, which should reduce metabolic thermoregulatory costs (DeMatteo and Harlow 1997) regardless of any decrease in core body temperature. Furthermore, we suspect that porcupines in the northern limits of their range are acclimatized to a lower critical temperature , 211uC, as estimated by DeMatteo and Harlolw (1997) , because porcupines in our study were subjected to .100 days of ambient temperatures , 211uC. Maintaining a lower critical temperature , 211uC would allow for additional thermoregulatory savings.
Water turnover rates for both captive and free-ranging porcupines are extremely low compared to the mean for eutherian mammals (123 ml kg 280 day 21 - Richmond et al. 1962) . However, water turnover rates based on lean mass are similar to whole body turnover rates for other arboreal folivores, assuming they possess similar lean body mass and minimal fat mass (Degabriel et al. 1978 -Degabriel et al. 1978; Krockenberger 1993 ). Low turnover rates in porcupines are a reflection of both water availability and use (Degabriel et al. 1978) . During winter water is consumed as snow, absorbed as preformed water in food (white spruce needles and cambium of white spruce and paper birch), and produced during metabolism (metabolic water production), whereas water is lost via evaporation, respiration, and in urine and feces. We saw no evidence that captive porcupines with significant water turnover rates (n 5 7) were in osmotic stress based on osmotic concentrations of urine relative to plasma (Coltrane and Barboza 2010) . These porcupines were given snow ad libitum and ingested 5 6 1 g/ kg 0.75 of preformed water, which was equivalent to 17% of daily water turnover. Because snow provides relatively little water on a per volume basis (approximately 5% water per snow volume at 212uC), consumption of snow requires longer handling time than drinking water. However, the relatively slow intake rate of snow might decrease potential cold shock to ingesta and reduce energy demands compared to the consumption of cold water (Crater and Barboza 2007) . Although snow is typically abundant and handling time might not be a limiting factor for porcupines, production of metabolic water most likely plays an important role in water intake, because oxidation of fat stores produces 1.07 g H 2 O/g fat. Based on daily fat loss of 12.78 6 4.97 g/day, free-ranging porcupines produced 13.67 6 5.32 g H 2 O/day, or 52% of daily water turnover.
Fecal water loss was the most significant route of excretory water loss in captive porcupines. Insensible water loss in porcupines is probably low. Cutaneous water loss is minimized by maintaining a high boundary layer, and respiratory water loss is reduced when foraging by having lips behind the incisors, which allows porcupines to keep their mouths shut when scraping cambium from trees. In addition, nasal cooling most likely further reduces respiratory water. Therefore, a significant source of water intake for porcupines in winter is likely metabolic production, with fecal water loss being the highest contributor to overall water efflux. The slow rate of water turnover exhibited by wintering porcupines indicates lower energy use or FMR.
Estimated FMR for free-ranging porcupines was low compared to that of other eutherian herbivores (Nagy et al. 1999) . Comparatively, the estimated FMR was only slightly higher than FMR recorded for koalas (388 kJ kg 20.734 day 21 ) and three-toed sloths (Bradypus variegatus; 209 kJ kg 20.75 day 21 ), both arboreal folivores with similar ecological niches to porcupines (Nagy et al. 1999; Nagy and Montgomery 1980) . However, compared to koalas and sloths, porcupines are subjected to higher thermoregulatory demands in winter, and therefore, we would expect to see even higher FMR than estimated. On a lean mass basis FMR was only 4.4 times the predicted basal metabolic rate based on body size (Kleiber 1947) , and only 31% lower than predicted FMR based on whole body mass (4,130 6 613 kJ kg 20.734 day 21 -Nagy et al. 1999). The lower than predicted FMR for porcupines is most likely influenced by habitat, diet selection, thermoregulatory capacity, and phylogeny (Nagy et al. 1999) . In general, metabolic rates for arboreal folivores are typically lower than predicted for their body mass (Arends and McNab 2001; McNab 1978 McNab , 1986 and consistent with the low maintenance requirements (398 kJ kg 20.75 day 21 -Coltrane and Barboza 2010), slow water turnover rates, and low thermal conductance of porcupines.
Porcupines conserve lean body mass in winter by balancing the consumption of poor-quality forages with the use of fat stores. Fat losses are minimized by lowering rates of energy expenditure (i.e., FMR) and water turnover. Porcupines can use a wide variety of diets, but winter survival is dependent on food quality at the northern limits of their range. Although porcupines can readily switch foraging strategies from generalist to specialist herbivore, consumption of forage high in plant secondary metabolites is not sustainable year-round, because animals must replenish their stores of fat and protein for survival and reproduction in the following year.
